The aim of this study was to investigate the effect of chronic hypoxia on the development and progression of atherosclerosis in apolipoprotein E-knockout (apoE-KO) mice. Male and female apoE-KO mice (6 weeks old) and age-and sex-matched wild-type mice were kept under hypoxic conditions (10.0 ± 0.5% O2) in a gas chamber or in room air for 3 weeks. Aortic atherosclerotic plaque was not observed in wild-type mice under normoxic or hypoxic conditions. In the apoE-KO mice, however, hypoxia induced proliferation of smooth muscle cells and plaque formation in the aorta, which were not observed under normoxic conditions. Although sexual dimorphism of the response to hypoxia was not observed, these hypoxia-induced athero- 
Introduction
Oxidative stress induced by reactive oxygen species (ROS) is known to be an important modulating factor in the progression of atherosclerosis (1−3) . Several pathways may be involved when ROS contribute to the development of atherosclerosis. One possible mechanism is that ROS derived from macrophages (4), smooth muscle (SM) (5), adventitia (6) and endothelium (7) may induce the oxidation of low density lipoprotein (LDL). Oxidized LDL is phagocytosed by macrophages and this results in the formation of foam cells. Another possibility is that superoxide (O2 -) reacts with endotheliumderived nitric oxide (NO) and reduces the bioavailability of NO, which then accelerates the development of atherosclerosis, including the promotion of platelet aggregation (8) , SM cell (SMC) proliferation (9) and monocyte adhesion (10) . Moreover, ROS also modulate the activity of matrix metalloproteinases (MMPs), which contribute to the degradation and remodeling of the extracellular matrix in atherosclerotic plaque, which may lead to rupture of atherosclerotic lesions (11, 12) . Several in vitro studies have shown that hypoxic conditions increase cardiomyocytic generation of ROS despite the fact that the source of ROS (oxygen) is in low supply (13) , and that antioxidants prevent hypoxia-induced inflammatory responses, cell apoptosis and the activation of nuclear factor-κB in human aortic endothelial cells (14) . Additionally, in rats, chronic hypoxia generated significant left ventricular hypertrophy and decreased left ventricular function, accompanying the increased oxidative stress in the left ventricular myocardium (15) . Furthermore, in a clinical study, severe obstructive sleep apnea, a condition accompanied with hypoxic stress, increased the risk of fatal and non-fatal cardiovascular events, and effective medical treatment significantly reduced these outcomes (16) . Thus, it can be suggested that a hypoxic condition aggravates oxygen catalytic activity, and that this leads to an increase of ROS generation and might induce the cardiovascular events. In this study, we tested the hypothesis that chronic hypoxia would accelerate the progression of atherosclerosis through increased ROS production and MMP activity in young apolipoprotein E-knockout (apoE-KO) mice that had not developed atherosclerosis.
Methods

Animals and Experimental Protocol
Male and female apoE-KO mice (n= 45 each) that were 6 weeks old, and in whom atherosclerotic lesions had not yet developed in the aorta, as well as age-and sex-matched wildtype mice (n= 40 each), were divided into two groups and housed in a normobaric hypoxic chamber (O2; 10.0±0.5%) or under normoxic conditions for 3 weeks. The chamber was opened 3 times a week to provide the animals with fresh food (normal cholesterol diet), fresh water, and clean bedding.
After the 3-week experimental period, catheterization was done under anaesthesia with sodium pentobarbitone (50 mg/ kg, i.p. 
Quantification of Atherosclerosis
The descending thoracic aorta harvested from each mouse was stained with oil red O, and atherosclerosis was quantitatively evaluated using an image analyzer (17) .
Light Microscopy
For light microscopy, specimens were fixed in 10% formaldehyde, embedded in paraffin, and cut into 4-μm thick sections. The sections were stained with hematoxylin & eosin and elastica van Gieson before examination under a light microscope.
Immunohistochemistry for Proliferating Cell Nuclear Antigen (PCNA)
For immunohistochemical light microscopy, additional sections were obtained from the paraffin block and were incubated overnight at 4°C with a monoclonal antibody targeting PCNA (PC10; Santa Cruz Biotechnology Inc., Santa Cruz, USA). After incubation with a biotinylated secondary antibody, the sections were reacted with Vectastain Elite ABC reagent (Vector Laboratories, Burlingame, USA) and peroxidase substrate solution (Vectastain 3′3′-diaminobenzidine substrate kit; Vector Laboratories). The slides were counterstained with hematoxylin and mounted for light microscopy (18, 19) . 
Dihydroethidium Labeling of Aortas
To detect ROS production in situ, fresh frozen sections of aortas were stained with dihydroethidium (DHE; Molecular Probes Inc., Eugene, USA) (20) . Frozen sections (20 μm in thickness) were covered with 10 μmol/l of DHE solution and incubated in a light-protected humidified chamber at 37°C for 30 min. Then, sections were coverslipped and observed with a fluorescence microscope (Olympus BX 50; Tokyo, Japan).
Lucigenin Chemiluminescence Assay
NADPH-dependent O2 -production was measured with a lucigenin-enhanced chemiluminescence assay (21) . The lucigenin concentration was set at 5 μmol/l, which demonstrated that its own redox cycling is minimal (22, 23) . Aortic segments were placed in test tubes containing modified Krebs-HEPES buffer (pH 7.4, 99.01 mmol/l NaCl, 4.69 mmol/l KCl, 1.87 mmol/l CaCl2, 1.20 mmol/l MgSO4, 1.03 mmol/l K2HPO4, 25 mmol/l Na-HEPES, 11.1 mmol/l glucose) and were incubated with NADPH (10 μmol/l) in the dark for 15 min at 37°C. Luminescence was measured using a luminometer (Sirius-2; Funakoshi, Tokyo, Japan). The background count was determined from identically treated vesselfree readings and was subtracted from the vessel readings. NADPH-dependent O2 -production was expressed as relative light units (RLU) per min per dry aortic tissue weight.
Zymography
Vascular MMP activity in the gel was measured as described previously (24) . Briefly, approximately 20 mg of frozen aorta was incubated in 0.4 ml of extraction buffer at 4°C with continuous agitation for 24 h. Then this process was repeated with fresh buffer. The extraction buffer (0.8 ml) was collected and the pH was raised to 7.5 by the addition of 0.1 mol/l Tris buffer (pH 7.6). The total tissue extract was concentrated in an Amicon Centricon YM-10 concentrator (Millipore Inc., Bedford, USA), after which 5 μl of concentrated extract was loaded onto gelatin containing SDS-polyacrylamide gel. Following electrophoresis, the gels were soaked in 2.5% Triton X-100 for 30 min at room temperature. Next, the gels were rinsed and incubated overnight at 37°C in developing buffer (50 mmol/l Tris-HCl, 200 mol/l NaCl, 5 mmol/l CaCl2, and 0.02% Briji35). After incubation, the gels were stained in 0.5% Coomassie Blue R-250 in acetic acid:methanol:water (1:4:5 by volume), and were destained with the same solvent. MMP activity was indicated by clear zones on a blue background. The gels were scanned into a computer and analyzed with NIH image software (25) .
Statistical Analysis
Results were expressed as the mean±SEM, except that MMP activity was reported as the value for each mouse. Statistical analysis was performed by one-way ANOVA. Post hoc analysis of multiple comparisons was corrected with Dunnett's test. Differences between pairs were determined by Student's t-test, and significance was recognized at p< 0.05.
Results
Right and Left Ventricular Pressures
The right ventricular systolic pressures (RVSP) were significantly increased in groups treated with hypoxia (Fig. 1A) . However, 3-weeks of hypoxic stress did not affect the left ventricular systolic pressures (LVSP) (Fig. 1B) .
Fig. 2. Effect of hypoxia on plasma LDL (A) and total cholesterol (T-CHO) (B)
.
Plasma Lipids
Plasma total cholesterol and LDL levels are shown in Fig. 2 . In wild-type mice, there were no significant changes of plasma lipids due to hypoxia. However, apoE-KO mice housed under hypoxic conditions demonstrated significant elevation of the plasma total cholesterol and LDL levels compared with apoE-KO mice housed in a normoxic environment.
Quantification of Atherosclerosis
No atherosclerosis was found in the aortas of male and female wild-type mice. A small percent area of atherosclerosis was observed in the aorta of apoE-KO mice housed in a normoxic environment. On the other hand, a hypoxia-induced increase of atherosclerosis was observed in apoE-KO mice (Fig. 3) .
Morphological Analysis
The descending aortas of male and female wild-type mice subjected to normoxia had a normal appearance, and hypoxia had little effect on the vascular architecture. On the other hand, hypoxia promoted SMC proliferation and induced plaque formation in both male and female apoE-KO mice (Fig. 4) . Furthermore, hypoxia increased the DHE staining, which was observed not only in the atherosclerotic plaque of the intimal layer but also in the non-atherogenic medial layer, and PCNA-positive cells were observed in the aortas of apoE-KO mice exposed to hypoxia (Fig. 5A and B) .
NADPH-Dependent O2 -Production
In wild-type mice, hypoxia did not affect aortic tissue NADPH-dependent O2 -production. Among apoE-deficient mice, however, hypoxia significantly increased NADPHdependent O2 -production in both males and females (Fig.  5C ).
Vascular MMP Activity
MMP-9 activity was greater in apoE-KO mice than in wildtype mice, and it tended to be higher in females than males. The response to hypoxia was prominent in MMP-9, but not MMP-2, of female apoE-KO mice (Fig. 6 ).
Fig. 3. A: Representative examples of en face dissected thoracic aortas stained with oil red O from a normoxic male apoE-KO mouse (a), a normoxic female (b), a hypoxic male (c), and a hypoxic female (d). B: The percentage of the aortic area stained with oil red O. Hypoxia increased the oil red O-stained area in aorta of apoE-KO mice. Columns and bars represent the mean±SEM.
Discussion
Recently, several authors have reported that pulmonary vasculature exposed to chronic hypoxia shows structural remodeling and develops endothelial dysfunction (26) . However, little is known about the effect of hypoxic stress on the arterial walls in vivo. In the present study, we showed that chronic hypoxia accelerated aortic atherosclerosis in apoE-KO mice without affecting the left ventricular function, and this pathological change was accompanied with an increase of NADPH-dependent O2 -production and MMP activity in the aorta. This means that hypoxia might induce pathophysiological changes not only in the pulmonary vascular function but also in other arterial functions as well. It is widely known that the plasma LDL and cholesterol concentrations are strongly correlated with the risk of atherosclerosis (27) . In this study, hypoxic apoE-KO mice showed elevation of plasma LDL and cholesterol levels. Several researchers have reported that hypoxia modulates the handling of LDL by atherogenesis-related cells such as SMC and macrophages. Matsumoto et al. reported that there was less degradation of LDL by human monocyte-derived macrophages under hypoxic conditions than under normoxic condi-
Fig. 4. Representative examples of cross-sections (hematoxylin & eosin) of aortas from a normoxic wild-type mouse (A), male apoE-KO mouse (B), and female apoE-KO mouse (C and D), as well as a hypoxic wild-type mouse (E), male apoE-KO mouse (F), and female apoE-KO mouse (G and H). Although hypoxia caused only slight atherosclerotic changes in the aorta of wildtype mice, proliferation of smooth muscle cells and the plaque formation (*) were observed in the aorta of apoE-KO mice. A, B, C, E, F, G: hematoxylin-eosin staining; D, H: elastica van Gieson staining. m, tunica media; a, tunica adventitia. Scale bar, 50 μm.
tions (28) . Furthermore, Wada et al. reported that hypoxia increased LDL uptake and enhanced lipid accumulation in arterial SMC independent of LDL receptor activity (29) .
Thus, it may be suggested that hypoxia modulates the development of atherosclerotic plaque by increasing the accumulation of LDL and inhibiting the degradation of LDL in atherogenesis-related cells. Taken together, such findings indicate that the development of atherosclerotic lesions in apoE-KO mice may be at least partly due to the alteration of LDL metabolism in atherogenesis-related cells. On the other hand, the synthesis and the metabolism of the cholesterol are mainly mediated in the liver. Therefore, the possibility that hypoxia affects the functions of hepatic cholesterol synthesis, metabolism, and excretion cannot be ruled out. The effect of hypoxia on plasma LDL and cholesterol concentrations should be examined in a future study.
In this study, chronic hypoxia also increased NADPHdependent O2 -production and DHE fluorescence. Several other studies have shown that exposure to hypoxic stress induces ROS production in the mitochondria of vascular cells, such as SMC (30) and endothelial cells (31) , which might contribute to the development of various pathophysiological states. Schäfer et al. demonstrated that the increase of mitochondrial ROS production additionally activated nonphagocyte NADPH oxidase-dependent ROS production (31) . Thus, hypoxia may promote intracellular ROS generation by stimulating the mitochondrial electron transport system in SMC and vascular endothelial cells, and the increase of ROS may have activated nonphagocyte NADPH oxidase in the aortas of apoE-KO mice.
Another possibility is that macrophages infiltrating the subendothelial spaces of the growing atherosclerotic plaques might produce additional ROS. It has been reported that foam cells may enhance oxidative stress through ROS production by phagocyte NADPH oxidase (32, 33) . Although massive infiltration of macrophages was not observed in this study, "burst"-like O2
-production by these cells might contribute prominently to LDL oxidation and thus alter basic cellular functions such as adhesion and proliferation.
Recent reports indicated that activation of MMPs is regulated by oxidative stress, and that activated MMPs contribute to the aggravation of atherosclerosis (11, 12, 34) . In particular, MMP-9 might contribute to atherogenesis by inducing plaque instability, plaque rupture, and platelet aggregation (34−36) . In this study, we detected the activation of MMP-9 in hypoxic apoE-KO mice, especially females. These results
Fig. 5. A: Representative examples of dihydroethidium (DHE) labeling of aortas. The DHE staining is increased by hypoxia in apoE-KO mice (c), compared with wild-type (a) and apoE-KO mice under normoxic conditions (b). B: Immunohistochemistry for PCNA. Increased PCNA-positive cells (arrows) in the medial wall are observed in the aortas of apoE-KO mice exposed to hypoxia (c), compared with wild-type (a) and apoE-KO mice under normoxic conditions (b). C: Effect of hypoxia on NADPHdependent O2
-production in aortic tissue of wild-type mice and of apoE-KO mice. Aortas were incubated with NADPH (10 μmol/l), and O2 -production was determined by the lucigenin assay. Hypoxia did not affect the aortic O2 -production in wild-type mice, in contrast, the production was significantly increased in apoE-KO mice. Columns and bars represent the mean±SEM.
agreed with the morphological features of atherosclerosis in apoE-KO mice, since atherosclerotic plaque was increased in hypoxic animals compared with normoxic animals. Thus, hypoxia might activate MMPs by increasing the oxidative stress in the aorta and thereby aggravate atherosclerosis.
On the other hand, Lemaître et al. reported that macrophage-specific MMP-1 transgenic adult apoE-KO mice showed less atherosclerotic plaque compared with control littermates (37) . The role of MMPs in the development of atherosclerosis might vary according to the stage of the lesion, its localization, and the class of the activated enzyme(s). Therefore, we need to clarify the relationship between MMP activation and the development of atherosclerosis by studies using MMP inhibitors, and we need to determine the localization of activated MMP in vascular atherosclerotic lesions.
In the present study, aortic MMP-9 activity tended to be higher in female than in male apoE-KO mice under hypoxic conditions. Potier et al. have reported that 17β-estradiol increased both MMP-9 mRNA and MMP-9 activity in mesangial cells (38) . Moreover, ovariectomy decreased left ventricular MMP-2 activity in female rats, and this change was ameliorated by estrogen replacement therapy (39) . Thus, estrogen may modulate degradation of the extracellular matrix in vascular tissues and this may lead to more rapid progression of lesions in female mice. The effect of endogenous estrogen on apoE-KO mice exposed to hypoxia would be a suitable subject for future study.
In summary, the present study demonstrated that 3 weeks of hypoxia accelerated atherogenesis in the aortas of apoE-KO mice, accompanied by a significant increase of NADPHdependent O2 -production and MMP-9 activity. Thus, increased ROS generation and more rapid matrix degradation may induce the progression of atherosclerotic lesions.
Perspectives
The chronic hypoxic model used in this study might be adaptable to the breathing disorder diseases, such as the sleep apnea syndrome. One of the clinical characteristics of these diseases is hypoxia-induced ventricular dysfunction with pulmonary hypertension. A recent study has reported that the sleep apnea syndrome increased the risk of fatal and non-fatal cardiovascular events in accordance with ventricular dysfunction (16) . Thus, the novel observation in this study that chronic hypoxia accelerated the development of atherosclerosis while also increasing O2 -production and activating MMP- 9 in the aorta of apoE-KO mice highlights the potential benefit of blocking this pathway to prevent atherosclerosis and the subsequent cardiovascular events.
